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Abstract Transgenic herbicide tolerant Acacia sinuata
plants were produced by transformation with the bar
gene conferring phosphinothricin resistance. Precultured
hypocotyl explants were infected with Agrobacterium
tumefaciens strain EHA105 in the presence of 100 µM
acetosyringone and shoots regenerated on MS (Murashige
and Skoog, 1962, Physiol Plant 15:473–497) medium with
13.3 µM benzylaminopurine, 2.6 µM indole-3-acetic acid,
1 g l−1 activated charcoal, 1.5 mg l−1 phosphinothricin,
and 300 mg l−1 cefotaxime. Phosphinothricin at 1.5 mg l−1
was used for the selection. Shoots surviving selection on
medium with phosphinothricin expressed GUS. Following
Southern hybridization, eight independent shoots regen-
erated of 500 cocultivated explants were demonstrated to
be transgenic, which represented transformation frequency
of 1.6%. The transgenics carried one to four copies of the
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transgene. Transgenic shoots were propagated as microcut-
tings in MS medium with 6.6 µM 6-benzylaminopurine and
1.5 mg l−1 phosphinothricin. Shoots elongated and rooted
in MS medium with gibberellic acid and indole-3-butyric
acid, respectively both supplemented with 1.5 mg l−1 phos-
phinothricin. Micropropagation of transgenic plants by mi-
crocuttings proved to be a simple means to bulk up the
material. Several transgenic plants were found to be resis-
tant to leaf painting with the herbicide Basta.
Keywords Agrobacterium transformation .
Acetosyringone . GUS . Leguminous tree . Microcuttings .
Phosphinothricin
Abbreviations BA: 6-Benzylaminopurine .
CaMV: Cauliflower mosaic virus . IAA: Indole-3-acetic
acid . IBA: Indole-3-butyric acid . GA3: Gibberellic acid .
GUS: β-Glucuronidase . NPT II: Neomycin
phosphotransferase . PPT: Phosphinothricin
Introduction
Acacia sinuata (Lour.) Merr (A. concinna (Willd.) DC.)
is a multipurpose leguminous tree that occurs widely in
the tropical forests throughout India and South Asia. Aca-
cia species, including Acacia sinuata, are grown in agro-
silvopastoral systems for fuel, timber, shelterbelts, and soil
improvement (Jamal and Huntsinger 1993). The dry pods
of the tree called “shikakai” are important raw materials
for cosmetics and agro-based industries. Saponins present
in the dry pods are used for the semi-synthesis of steroidal
drugs (Vaidyaratnam 1994).
The growing demand for pulp and timber products has led
to the improvement of some trees at the genetic level with
the help of gene transfer techniques (Tzfira et al. 1998).
Owing to the long generation time lag caused by seed ger-
mination and flowering most of the forest-tree species have
been left unaltered in relevance to molecular breeding. De-
sirable traits such as herbicide and insect resistance are
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not readily available within the breeding population of A.
sinuata. The former trait would be useful in weed con-
trol and could allow establishment of tree plantations in
the weed infected areas for superior plantation manage-
ment (Bishop-Hurley et al. 2001; Polpin and Arce-Johnson
2005). Herbicide resistance genes have been widely used
in crop biotechnology for weed control (Lo¨rz et al. 1998;
Meilan et al. 2000).
Stable genetic transformation methods have been devel-
oped for many forest-tree species and economically im-
portant traits such as resistance to a virus, insect, and
herbicide have been engineered (Herschbach and Kopriva
2002). Transformation of legume trees was reported for
Acacia mangium (Xie and Hong 2002) and Robinia pseu-
doacacia (Han et al. 1993; Igasaki et al. 2000; Zaragoza
et al. 2004). After the first successful recovery of transgenic
poplar plants expressing a bacterial aroA gene for herbi-
cide tolerance (Fillatti et al. 1987) consistent and stable
expression of the bar gene was reported in Picea abies and
Pinus radiata (Brukhin et al. 2000; Charity et al. 2005).
In the present communication, we described the use of
PPT as a selection agent to produce transgenic A. sinuata
resistant to the herbicide Basta. In addition, we demon-
strated a method to increase the number of Basta resis-
tant transgenic plants through an in vitro micropropaga-
tion system using “micro cuttings” derived from transgenic
plants.
Materials and methods
Plant material
Seeds of A. sinuata were procured from the Institute of For-
est Genetics and Tree Breeding, Coimbatore, Tamil Nadu,
India, from elite trees. Seeds from each tree were pooled
and retained as single lot. Seed sterilization was performed
using a protocol described by Vengadesan et al. (2000).
Aseptic seed germination was carried out on Murashige
and Skoog (1962) medium (MS) containing 87.6 mM
sucrose and 0.8% agar (Agar agar, type-1, Himedia,
Mumbai, India) or 0.15% gellan gum (Gelrite Sigma, St.
Louis, USA). All media were autoclaved at 121◦C for
15 min. All cultures were maintained at 25 ± 2◦C with
a 16 h photoperiod, at a photon flux of 15 µmol m−2 s−1
fluorescent white light. Hypocotyl segments (10 mm long)
were excised from 7-day-old in vitro grown seedlings and
used as explant source.
Regeneration system
A previously developed unpublished regeneration system
based on the production of shoots and roots from in vitro
derived hypocotyl explants was used. Hypocotyl explants
were cultured on MS medium supplemented with 13.3 µM
6-benzylaminopurine (BA), 2.6 µM Indole-3-acetic acid
(IAA), and activated charcoal (Sigma, St. Louis, MO)
(1 g l−1) (regeneration medium). Explants were transferred
to fresh regeneration medium at 20-day intervals. Elonga-
tion of the shoots was performed on elongation medium
[MS medium with 1.7 µM gibberellic acid (GA3)]. Shoots
were rooted on rooting medium [MS medium with 2.5 µM
Indole-3-butyric acid (IBA)]. All cultures were maintained
in the growth room under conditions mentioned above.
Phosphinothricin (PPT) toxicity
Prior to the gene transfer studies, sensitivity of the
hypocotyl explants to phosphinothricin was determined by
culturing the explants on the regeneration medium with 0.5,
0.75, 1.0, 1.25, 1.5, 1.75, and 2 mg 1−1 phosphinothricin
(Duchefa Biochemie, The Netherlands) for 20 days. The
explants were transferred to fresh regeneration medium at
20-day intervals. The experiment was repeated five times
with 100 hypocotyl segments per treatment. Subsequently,
a selective concentration of PPT was determined and
used in transformation. A control (without PPT) was also
maintained.
Agrobacterium tumefaciens strain, plasmid,
and culture
Genetic transformation was performed using the A. tumefa-
ciens EHA105 strain harboring the binary vector pME504
(Fig. 1) that carries a neomycin phosphotransferase (nptII)
gene under the control of nos promoter, and the bar and
uid-A genes separately under the control of CaMV 35S
promoter (Edelman et al. 2000). Bacterial cultures were
grown in 5 ml YEP medium (Chilton et al. 1974) contain-
ing 50 mg l−1 kanamycin and 10 mg l−1 tetracycline (both
from Sigma, St. Louis, USA). Five milliliter of bacterial
culture was transferred to 25 ml of YEP medium, and then
grown for 36 h at 200 rpm (Orbitek, Chennai, India). For
the transformation, the culture was centrifuged at 2996 × g
for 10 min, and the cells resuspended in MS liquid medium
(pH 5.6) with 100 µM acetosyringone (Fluka, Germany) to
Fig. 1 Schematic
representation of T-DNA region
(10.5 kb) of the binary plasmid
pME504. LB, left border; RB,
right border
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a final density of 0.6–0.8 OD600 nm. The bacteria were in-
cubated at 28◦C for an hour before being used for infection
of plant cells.
Transformation and selection of hypocotyl segments
and plant regeneration
Hypocotyl explants were precultured on regeneration
medium for 5 days. Transformation of hypocotyl segments
was performed by pipetting 20 µl of the A. tumefaciens
culture onto the ends of hypocotyl segments, without fur-
ther wounding. The bacterial culture was left for 20 min
and later blotted with sterile Whatman filter paper. About
100 explants were cocultivated horizontally on regenera-
tion medium for 72 h, with five explants per plate (15 mm
× 90 mm, Borosil, India). Each experiment consisted of
100 explants and was repeated four times (five experiments
in total). After cocultivation the explants were washed
twice in sterile distilled water followed by half strength
MS liquid medium with 300 mg 1−1 cefotaxime (Ho¨echst,
Mumbai, India), blotted dry, and transferred to the regener-
ation medium with 300 mg 1−1 cefotaxime and 1.5 mg 1−1
PPT (selection medium) as the selection agent. After 4
weeks of initial culture explants with regenerated shoots
were transferred three times at 20-day intervals to fresh
medium of the same composition.
GUS histochemical activity assay
GUS activity assay of the putative transformed shoots (from
cocultivated hypocotyl explants after first transfer), micro-
cuttings, and leaves from microshoots was performed as
described by Jefferson et al. (1987). The samples were
immersed in a substrate solution composed of 0.1 M
NaHPO4 buffer (pH 7.0), 0.5 mM K3[Fe(CN)6], 0.5 mM
K4[Fe(CN)6], 10 mM EDTA, 800 mg l−1 X-Gluc, 0.06%
(v/v) Triton X-100, and incubated at 37◦C for 8 h. Subse-
quently the tissues were washed in 70% ethanol and were
photographed with a Nikon E400 microscope with HIII
photographic unit (Nikon Co., Tokyo, Japan). The num-
ber of GUS-expressing shoots was recorded, as well as the
number of shoots arising from microcuttings.
DNA extraction and Southern hybridization analysis
DNA was extracted from the pinnate leaves of GUS
positive shoots using the DNeasy Plant Mini kit (Qia-
gen GmbH, Germany). About 15 µg of the DNA was
digested overnight using the restriction enzyme Sacl
(MBI Fermentas) and fractionated on a 0.8% agarose
gel, and blotted onto Hybond N + membrane (Amer-
sham Biosciences, UK). A 520 bp amplified fragment (us-
ing the primers 5′ATCGTCAACCACTACATCGAGAC;
5′CCAGCTGCCAGAAACCCACGTC) of the bar se-
quence from the plasmid pME504 was labeled by the ECL
Random prime labeling and detection system (Amersham
Biosciences, UK). Further hybridization, washing, and de-
tection were performed according to the manufacturer’s
instructions.
Propagation of putative transformants through
microcuttings
Transformed shoots that were confirmed by Southern anal-
ysis were excised under aseptic conditions into nodal cut-
tings (each cutting with a single node). Each node was
cultured for further multiplication of transgenic shoots as
described by Vengadesan et al. (2003) on medium with
6.6 µM BA and 1.5 mg 1−1 PPT. Elongation and rooting
of microshoots were performed on elongation medium and
rooting medium, respectively in the presence of 1.5 mg 1−1
PPT. Nodal cuttings from individual shoots were main-
tained separately. Shoots grown in the presence of the se-
lection agent were chosen for hardening in a green house.
In vivo assay for Basta resistance
Basta leaf painting assay was performed on 3-week old
plants growing in the green house for Basta resistance with
a solution containing 0.1 mg/ml Basta (0.01%) and 0.1%
Tween-20. The effect of the herbicide was assessed after
7, 15, and 30 days based on the survival of the hardened
plants.
Experimental design and statistical analysis
Results of several transformation experiments (of 100 ex-
plants each) have been averaged and results were expressed
here as a percentage response, along with the standard error
of the mean derived from the individual experiments. Data
were analyzed using one-way ANOVA and significant dif-
ferences were determined at the 0.05 probability level by
Scheff’s test. Statistical analysis of data was performed
(Sokal and Rholf 1981) using J.M.P 4.0 (SAS Institute
1996) statistical software.
Results and discussion
Regeneration of plants from hypocotyl explants
After 15 days on regeneration medium, hypocotyl explants
produced shoots and roots from the cut ends without inter-
vening callus. During the direct adventitious shoot forma-
tion, the explants turned green and produced green nodu-
lar structures at the apical ends. Simultaneously, root ini-
tials originated from the opposite ends of the hypocotyls.
Shoots or roots were regenerated by 68.0 ± 3.0% of ex-
plants, 55.0 ± 3.4% of explants regenerated only shoots,
and 12.0 ± 2.1% of explants regenerated both shoots and
roots. Explants placed on the regeneration medium pro-
duced 4–5 shoots/explant (data not shown). The direct
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organogenesis from hypocotyl explants of A. sinuata is
beneficial because it accelerates adventitious shoots pro-
duction and avoids problems related to somaclonal varia-
tion (Confalonieri et al. 2003).
Selection using phosphinothricin (PPT)
Our experiments showed that complete inhibition of regen-
eration of both shoots and roots occurred at 1.5 mg 1−1
PPT. Percent response (percentage of explants regenerat-
ing shoots on regeneration medium containing PPT) of
the explants was significantly different (p<0.001) at var-
ious PPT concentrations (Fig. 2). Phosphinothricin above
1.5 mg 1−1 led to progressive necrosis of the meristem-
atic areas and subsequent shoot death. PPT is the active
ingredient of the glufosinate-ammonium herbicide (Basta).
Glufosinate ammonium inhibits the action of glutamine
synthetase, resulting in the accumulation of lethal levels of
ammonia in susceptible plants. Thus, the herbicidal role of
Basta is due to the combined effects of ammonium toxi-
city and inhibition of photosynthesis. The enzyme phos-
phinothricin acetyltransferase, encoded by the bar gene,
inactivates the active ingredient phosphinothricin by acety-
lation of its free NH2 group, thereby neutralizing its toxic
effect on plant tissue. There are a few reports of selection
of transformed tree species explants with PPT. De Block
(1990) used different concentrations of phosphinothricin
(5, 10, and 20 mg 1−1) to select transformed hybrid aspen
and poplar plants. Resistant poplar colonies were selected
using 5 mg 1−1 phosphinothricin (Chupeau et al. 1994),
following electroporation of protoplasts. In Norway spruce
the use of Basta (1 mg l−1) for continued expression of the
bar gene in the transgenic plants was reported (Brukhin
et al. 2000) and black locust transformants were selected
on 4 mg 1−1 PPT (Zaragoza et al. 2004).
Fig. 2 Toxicity of PPT. Explants were cultured on regeneration
medium containing PPT (0–2 mg l−1). Explants were transferred to a
fresh medium of the same composition three times at 20-day intervals.
Results are from five individual experiments with 100 explants per
selection process per experiment. The mean was calculated for each
experiment and then the mean ± SE of the different experiments was
calculated. Bars represent standard error. Column bars with different
letters are significantly different at p<0.001 as determined using
Scheff’s test
Fig. 3 Shoot, shoot and root regeneration from hypocotyl explants
after cocultivation with EHA105 pME504. Shoot, shoot and root re-
generation from hypocotyl explants after cocultivation with Agrobac-
terium EHA 105 pME504 and selection on 1.5 mg l−1 PPT. Results
are from five separate experiments with 100 explants per experiment
Plant transformation and regeneration
Following 72 h cocultivation, and after 3 weeks of cul-
ture on selection medium explants started to regenerate
either shoots or shoots and roots from the cut ends of the
hypocotyl explants. Shoot regeneration was completely in-
hibited in the presence of 1.5 mg l−1 PPT (Fig. 2). The re-
sponse varied among the regenerating hypocotyl explants.
On average 12 ± 2.3% of the hypocotyl explants responded
and produced three shoots/explant. Shoot initiation took
place from the apical cut ends of a hypocotyl. Some ex-
plants (7.0 ± 2.0%) developed three shoots and two roots
from the opposite cut ends (Fig. 4A). In every experiment,
there was a significant difference (p<0.001) in the num-
ber of explants producing either shoots or shoots and roots
(Fig. 3).
Continuous culture of regenerating explants on the selec-
tion medium (1.5 mg l−1 PPT) reduced the number of shoots
regenerating from the explants, indicating that PPT-based
selection was sufficiently stringent and only transformed
cells survived. At the end of a third transfer 10.0 ± 3.5% of
the explants survived the selection pressure producing 10
shoots (Fig. 3).
GUS activity assay
GUS assays were performed on regenerated shoots after
first transfer on selection medium. GUS expression was
observed in both shoots and roots (Fig. 4D). Examining a
total of 57 shoots that regenerated from 500 cocultivated
explants after the first transfer, 46 shoots (80.7 ± 6.0%)
showed uniform GUS expression in various plant parts.
However, in 11 shoots (19.3 ± 5.0%) GUS activity was
observed in the form of scattered blue dots/sectors in the
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Fig. 4 Regeneration of
herbicide-tolerant A. sinuata
plants. A Cocultivated
hypocotyl explants with
regenerated putatively
transformed shoots and roots.
Bar: 2 mm. B Micro cuttings
obtained from transformed
shoots. Bar: 2 mm. C Elongated
and rooted micro shoot. Bar:
3 mm. D GUS activity in the
shoots and roots after first
transfer of hypocotyl explants in
selection medium. Bar: 3 mm.
E GUS activity in micro shoots
obtained from micro cuttings.
Bar: 3 mm. F GUS activity in
leaves of transformed shoots
obtained from micro shoots.
Bar: 3 mm. G Healthy plants
30 days after leaf painting with
herbicide Basta (0.1 mg/ml). H
Wilted shoots of the
non-transformed control plants
after Basta painting
regenerated shoots indicating their chimeric nature (data
not shown). A high occurrence of escapes (63%) was also
reported in black locust when PPT was used as the selec-
tion agent (Zaragoza et al. 2004). GUS-expressing shoots
were subjected to Southern analysis and if possible, further
propagated by micro cuttings. Nodal cuttings, as well as
the shoots arising from them (Fig. 4E), and leaves (Fig. 4F)
also revealed GUS activity.
Southern analysis
Southern analysis of putative transgenic A. sinuata was
performed to prove integration of the transgene into the
plant genome, and to determine the T-DNA copy number.
Since the distance between the SacI restriction enzyme site
and the left border is 4 kb (Fig. 1), fragments hybridiz-
ing should be greater than 4 kb. It is evident from the
hybridization analysis (Fig. 5, lanes 3–10) that the eight
plants analyzed were independent transformants harboring
multiple T-DNA copies. Transgenic plants 3 and 5 showed
three hybridization fragments indicating that three copies
of T-DNA inserted, while plant 2 (lane 4) showed a single
band confirming insertion of a single copy of T-DNA. Plants
4, 6, and 8 had two bands confirming insertion of two T-
DNA copies, while plant 7 (lane 9) showed four fragments
confirming insertion of four T-DNA copies. No hybridiza-
tion occurred with DNA isolated from control plants (non-
transformed, lane 2). The final transformation frequency,
based on the Southern blot analysis, was eight independent
transformation events per 500 initial explants, i.e., 1.6%
of explants regenerated transformants. We have confirmed
the integration of T-DNA by the analysis of hybridization
fragments but will have to wait another 2–3 years to con-
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Fig. 5 Southern hybridization analysis of putatively transformed A.
sinuata plants. Genomic DNA was extracted from leaves of eight
independent transformation events (lane 3–10). Up to 15 µg per
lane of genomic DNA was digested with Sacl, fractionated with
0.8% agarose gel and blotted onto a nylon membrane. The blot was
hybridized to a 520 bp bar fragment as the probe (Dig-labeled).
Plasmid DNA (pME504) (1 ng) was also digested with Sacl and
labeled as positive control (lane 1). The negative control (lane 2) is
DNA from untransformed leaf tissue
firm transmission to progeny from the T0 transformed trees.
Morphological examination of the first transformants after
1 year in the field indicated a normal phenotype compared
to seed-derived controls.
Successful expression of a transgene depends on its sta-
bility and expression in the progenies. In the present study,
seven among the eight independent transformation events
have been shown to carry multiple copies of the T-DNA.
Multiple copies of the transgene are prone for transgene
inactivation, silencing, and they are likely to cause a high
frequency of insertional mutagenesis. However, in recent
years several methods have been proposed to overcome
this problem through cotransformation, site specific ho-
mologous recombination, generating transposon mediated
single copy gene delivery methods, and the “agrolistic”
method (Hansen and Chilton 1996; Koprek et al. 2001).
These methods can be employed in the future for produc-
ing single copy transgene inserts in this tree species.
In vitro propagation of PPT resistant shoots through
micro cuttings
After confirmation of the transgenic status of the in vitro
grown shoots through Southern hybridization, further prop-
agation was performed through micro cuttings. Trans-
formed shoots were cloned on 1.5 mg l−1 PPT contain-
ing medium without cefotaxime. The subculture process
was slow and approximately 6 weeks were required for the
shoots to elongate (Fig. 4B). From the initial eight differ-
ent GUS expressing shoots about three axillary buds per
shoot could be propagated as micro shoots. All the 24 mi-
cro cuttings survived on MS medium containing 6.6 µM
BA and 1.5 mg l−1 PPT and produced 24 micro shoots
after 4 weeks. These micro shoots after rooting and hard-
ening resulted in 20 plants. Thus, selective propagation of
shoots with the desired character was achieved using micro
cuttings and the number of PPT resistant plants increased
two-fold. Propagation of micro cuttings in the presence or
absence of PPT did not show any significant difference
(p<0.001) in the regeneration response (data not shown).
Rooting of the micro shoots was a problem as the shoots
were small and delicate. The elongation and rooting process
took 5 weeks and the roots were fragile (Fig. 4C). Similar
problems were encountered during transformation studies
in citrus (Pen˜a et al. 1995). Nevertheless, clones from each
separate transformant survived the rooting and hardening
process.
Assay for Basta resistance
Bar gene expression in the transformed plants was further
confirmed through the leaf painting test using the herbi-
cide Basta. Of the 20 plants surviving hardening, 17 were
resistant to commercial Basta herbicide (0.01%) (data not
shown). Undamaged plants following leaf painting were
assumed to be stable transformants (Fig. 4G). Control (non-
transformed) plants turned yellow, bleached, and showed
necrosis (Fig. 4H). Screening for Basta resistance by foliar
spray in black locust had been discussed by Zaragoza et al.
(2004). Similar test was performed in soybean to select for
herbicide resistant transgenic plants (Zeng et al. 2004).
Herbicide resistance would be very useful in trees
especially during establishment, where competition from
weeds is the greatest (Shin et al. 1994). Developing
herbicide resistant plants would allow the use of more
efficient herbicides without concern for plant health in
forestry, especially for commercial and higher intensity
plantation systems (Confalonieri et al. 2003; Tang and
Newton 2003; Polpin and Arce-Johnson 2005). To our
knowledge it is for the first time that an Acacia species has
been genetically engineered for herbicide tolerance. The
efficiency of regeneration was low perhaps owing to the use
of the powerful selection agent PPT. However, we showed
the feasibility of the technique of nodal micro cuttings
for enhanced transgenic plant production in this woody
legume.
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